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Introduction 
Several types of forest biomass can potentially be used for 
energy production. They include logging residues, thinning 
residues, milling residues, short-rotation woody crops and 
urban residues from trees and used wood, among others. Be-
sides their possible use as biofuel feedstock, many of these 
woody biomass sources have other competing uses or play 
multiple roles in the economic and environmental systems. 
For example, logging residues can be utilized for energy, 
pulp or wood panel production (Gan and Smith 2006) or left 
at the harvest site to enhance soil and water conservation, 
carbon and nutrient cycling and wildlife habitat (Powers et 
al. 2005). Even for energy production, woody biomass can 
be used to produce different energy products (e.g., wood 
pellets, heat, electricity, liquid fuels, and so forth). This rais-
es two important questions—how much forest biomass to 
harvest, and how to allocate the harvested biomass into the 
production of different bioenergy and wood products? 
The answers to these questions will depend upon many 
factors, including at minimum the characteristics of forest 
biomass sources and the drivers or goals of their utilization. 
On the one hand, a feedstock needs to meet certain economic 
and environmental requirements for commercial-scale biofu-
el production. Sustainable biofuel feedstocks must be cost-
competitive, relatively abundant and environmentally be-
nign. Different biomass sources have different characteristics 
that affect their suitability as biofuel feedstocks. These char-
acteristics need to be better understood so the advantages and 
disadvantages of a specific feedstock can be holistically as-
sessed. For example, producing biomass by thinning fire-
hazardous forest stands could be costly, whereas the quantity 
of this biomass is significant (Perlack et al. 2005, U.S. Depart-
ment of Energy 2011). However, using this type of biomass 
for biofuel production can reduce wildfire risk as a result of 
reduced fuel-loading on forestlands, leading to the reduction 
of wildfire damage and the offsets of greenhouse gas (GHG) 
emissions from wildfire and the combustion of fossil fuels 
displaced by the biofuel produced from the biomass. This co-
benefit is likely to offset (at least partially) the high cost of 
thinning overstocked forests. The cost offset will make the 
biomass more attractive for biofuel production while encour-
aging forestland owners to thin overstocked forests to reduce 
wildfire risk. 
On the other hand, allocation of biomass among differ-
ent uses is also influenced by market and nonmarket drivers. 
The production costs and prices of final fiber and energy 
products play a vital role in resource allocation. Additionally, 
there are other drivers of biofuels, including GHG emission 
offsets, national energy security, and economic development 
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(U.S. Congress 2007). These drivers are complex and some-
times conflict with one another in terms of their influence on 
biomass allocation. For instance, to offset GHG emissions, 
using biomass for power generation may be more beneficial 
than for producing liquid fuels. Producing liquid fuels with 
biomass, however, should be given a higher priority than 
power generation, if the primary goal is to enhance national 
energy security by reducing dependence on imported oil. The 
divergence in the impacts of these drivers calls for a system-
atic approach to determining biomass utilization allocation. 
Yet literature on biomass use allocation is lacking, 
even though many studies have explored the supply chain 
management of forest products and biofuels (An et al. 2011). 
Most of the existing studies probe either biomass supply 
(Freppaz et al. 2006, Gan 2007) or logistics (Gunnarsson et 
al. 2003, Frombo et al. 2009, Kim et al. 2011) or both 
(Sokhansanj et al. 2006). Supply chains for multiple final 
products have also been analyzed (Chauhan et al. 2009). 
Among the studies on biomass/bioenergy logistics are anal-
yses of techno-economic aspects (particularly facility siting) 
of bioenergy supply chains using various methods, including 
mathematic programming and spatial analysis tools (He and 
Zhang 2010, Rentizelas and Tatsiopoulos 2010, Tittmann et 
al. 2010). These studies, however, do not directly address 
biomass use allocation issues. And many of them incorporate 
neither environmental considerations nor the economies of 
scale.  
This paper focuses on forest biomass allocation and 
utilization in terms of economic efficiency and environmen-
tal consequences, particularly GHG offsets. We will first 
summarize the general characteristics of major forest bio-
mass feedstocks. We will then depict an economic principle 
of resource allocation, which is illustrated using a simple 
case of determining forest biomass allocation between wood 
pulp and biofuel production. This will be followed by the 
description of an empirical mixed-integer programming 
(MIP) model for determining biomass harvest levels and 
allocating different feedstocks into production of multiple 
final products (e.g., biofuels, biopower and bioproducts) with 
consideration of both the energy value and GHG credits of 
biofuels. Our model encompasses the supply chain of forest 
biofuels, allowing for (a) more comprehensive inclusion of 
biomass and biofuel production costs by incorporating the 
economies of scale and (b) the examination of interrelation-
ships among different segments of the supply chain. Finally, 
the model will be applied to solving a biomass allocation 
problem in East Texas, USA. Although its application focuses 
on forest biomass, the model is applicable for allocations of 
non-forest biomass feedstocks in different regions. 
 
Characteristics of Forest Biomass 
Different forest biomass sources have different advantages 
and disadvantages in terms of production cost, availability and 
environmental impact. Here we briefly summarize general 
characteristics of forest biomass sources (Table 1), because 
these characteristics have implications for biomass utilization. 
In comparison with agricultural biomass (perennial plants or 
crop residues), forest biomass has another important ad-
vantage — it can be supplied almost year around. 
Mill residues are relatively uniform in quality and physi-
cal characteristics and easily accessible, yet most of them 
have been used for power and heat generation, mainly by the 
forest products industry. Their current use patterns, however, 
can change at different market conditions and policy man-
dates. 
Logging residues are relatively abundant and have 
proved to be a viable feedstock source in Nordic countries and 
other parts of the world. Their production cost varies with 
terrain conditions, spatial distribution density, and hauling 
distance. The major concern or uncertainty about collecting 
logging residues is possible negative impacts on long-term 
soil productivity and biodiversity (Lattimore et al. 2009). The 
mechanically recoverable rate of logging residues is about two
-thirds. When long-term soil productivity loss is considered, 
the economically optimal removal rate could be lower than 
the mechanically recoverable rate (Gan and Smith 2010). 
Consideration of site quality would probably suggest that 
managers avoid taking leaves and needles from the harvest 
site. 
Thinning residues include those from silvicultural thin-
ning, such as early releases and precommercial and commer-
cial thinning and forest fuel treatment thinning aimed at miti-
gating wildfire hazard. The amount of biomass that can poten-
tially be derived from either type of thinning is significant in 
Table 1. Characteristics of forest biomass.  
Biomass sources Production cost Quantity Environmental Impact Other 
Mill residues Low Most have been used, but could be re-allocated Small Ready for use, uniform 
Logging residues Medium Large, not used Varying with removal intensity Site preparation benefits 
Thinning residues High Large, not used Varying with removal intensity 
Benefits for timber production 
and/or fire mitigation 
Small-diameter 
trees Medium-high 
Large, yet could be used  as 
pulpwood Varying 
New use/market, stand im-
provement 
Energy plantation Medium-high Potentially large Varying Additional land required and high input 
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the U.S. Yet production cost could be very high (Arriagada 
et al. 2008), as could soil nutrition-related risks. The benefits 
derived from silvicultural thinning and wildfire risk reduc-
tions, although hard to quantify, can at least partially offset 
the production cost. 
Small-diameter trees left over after high grading har-
vests could also be a potential feedstock source for biofuel 
production. The exact amount of this biomass resource is yet 
to be assessed. Stand improvements may require removing 
these small-diameter and low-quality trees. The benefit from, 
or incentive for, stand improvement can lower the actual cost 
needed to be compensated for the biomass generated. 
Short-rotation woody biomass plantations are another 
potential bioenergy feedstock resource. Availability will 
largely depend upon how much suitable land is available for 
such plantations. Possible high inputs and added pressure on 
land use are likely to increase the production cost of this bio-
mass and cause some undesired environmental impacts. On 
the other hand, plantations will allow for easier machine op-
erations, reducing the costs of growing and harvesting bio-
mass, and can increase the spatial density of biomass, lower-
ing feedstock transportation costs. 
 
 
Materials and Methods 
Allocation of a Limited Resource Among Competing Uses 
In this context, the economic competitiveness is assessed 
with regard to the ceiling price of wood. The basis of the 
approach is the idea of increasing competition between dif-
ferent wood energy conversion pathways if shortages of 
wood supply arise. Wood prices are a well-accepted indica-
tor of the scarcity of resources (Endres and Querner 1993, 
Hackett 2006). The various ceiling prices are calculated by 
applying the annuity method for a period of 20 years (with 
annuity factor a=0.1168). Therefore, the ceiling prices for 
wood (Pw) are determined by the capital expenditures (Ii×a), 
operating expenditures (Oi×a), subsidies in the form of tax 
reliefs or investment grants (Si) and the revenues from heat 
sales (Rh) and/or feed-in tariffs (Rp). Regarding the co-firing 
of wood with hard coal, the savings from purchasing EU 
emission allowances are included, as well. In financial terms, 
it is the CO2-emission avoidance (Ei) multiplied with the price 
of EU emission allowances at the European Energy Exchange 
(EEX) spot market (Peua). Given all these parameters, Equa-
tion (1) describes the wood ceiling price as a function of the 
fossil fuel reference price (Pf).  
We apply this principle to examining the allocation of 
woody biomass between the uses for biofuel production and 
traditional wood pulp production. Although wood pulp is an 
intermediate product, it seems more comparable with bioetha-
nol in terms of production cost. The marginal profit (MP) for 
biofuel is MPe = pe ∂Ve/∂Ae - MC(Ae), and the marginal profit 
for wood pulp is given by MPw = pw ∂Vw/∂Aw - MC(Aw), 
where the subscripts e and w respectively denote biofuel and 
wood pulp, p is the price of the final product, V represents the 
physical output of the final product, ∂V/∂A (the first-order 
partial derivative of V with respect to A) is the marginal phys-
ical product (biofuel or wood pulp) of woody biomass, and 
MC is the marginal cost of biomass. Letting MPe = MPw, we 
can derive the relationship between pe and pw that ensures the 
equality of the marginal profits of producing either biofuel or 
wood pulp from one additional unit of biomass. Any combina-
tion of pe and pw that is not on the line represented by this 
relationship suggests that one use of the biomass is more prof-
itable than the other (to be illustrated and further explained in 
the Result and Discussion section). 
Estimating the profit of biofuels, however, can be com-
plicated because their production cost can vary with many 
factors, such as technologies used, facility location, produc-
tion scale, and so forth. Additionally, biofuel benefits may 
include the revenues from biofuel sales, GHG credits, and 
other associated benefits. To portray this whole picture, we 
need a more comprehensive and capable model for determin-
ing biomass allocation. 
 
A Mixed-Integer Programming Model of Biomass Alloca-
tion 
The model we propose is a nonlinear MIP model. It is intend-
ed to allow us to simultaneously determine the amount of bio-
mass harvested from all basic spatial units in the study region, 
allocation of each biomass resource to the production of vari-
ous biofuels, and location and size of biomass storage and 
conversion facilities. 
Our model has several unique features. First, because 
biofuel production costs are sensitive to production scale or 
plant size, a nonlinear relationship between costs and plant 
size is embedded in our model. Second, the number of conver-
sion and intermediate processing facilities has an integer val-
ue, thus leading to an MIP model. Third, besides the energy 
value of biofuels, GHG credits are accounted for and included 
in the model. Fourth, multiple feedstock sources and multiple 
final products are allowed. Finally, for simplification and trac-
tability, it is assumed that for each basic spatial unit, biomass 
is supplied at a centralized point, whereas biomass is grown 
across the landscape of the spatial unit. 
The symbols used to denote the variables and parameters 
in the model are described in Table 2. With these, the mathe-
matic expression of the model can be written as follows. 
Figure 1. Efficient allocation of a fixed amount of a re-
source between two competing uses. 
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Objective Function 
 
 
 
 
 
 
 
 
 
 
 
The objective function is to maximize the annual profit 
(π) of overall production of biofuels, biopower and bioprod-
ucts in a study region. The revenue will come from the sales 
of final products (biofuels, biopower and bioproducts) and 
the credits of GHG emissions offsets. The costs include 
those of growing, harvesting and transporting biomass to a 
centralized location in the basic spatial unit; biomass trans-
portation from a centralized growing site to a refinery or 
storage and from a storage facility to a refinery; biomass 
storage; and biomass-to-biofuel conversion. The storage and 
conversion costs also account for the costs associated with 
the idle capacities of storages and refineries to ensure the 
appropriate sizes of storage and conversion facilities are 
built. For simplicity, we assume biomass will be supplied 
within a basic spatial unit at a constant price. Economies of 
scale are also incorporated in calculating storage and conver-
sion costs. The unit cost function for storing or converting 
biomass at the scale S is c(S) = co(S/So)α-1, where co is the 
unit cost at the base scale So and α is the scale factor. The 
scale factor reflects the economies of scale in production, 
depending upon production technologies used and ranging 
from 0 and 1 (usually between 0.6 and 0.9) (Kumar et al. 
2003, Gallagher et al. 2005, Gan and Smith 2011). 
 
Table 2. Symbols for variables and parameters used in the 
model.  
Symbol Description 
Subscripts 
f Type of final products including biofuels, biopower, heat and bioproducts 
i 
Site where biomass is grown (although it denotes 
centralized spatial points, it represents an area or a 
basic spatial unit in the model) 
j Location of conversion plants or refineries 
k Location of biomass storages 
l Type of biomass 
m Size of storages 
n 
s 
t 
Size of refineries 
Type of transportation mode 
Type of conversion technology 
Parameters 
cbil 
Unit cost of biomass l supplied at site i (including bio-
mass growing, harvesting and transporting to the cen-
tralized location within a basis spatial unit or a county 
in our case study shown later) 
ct1ijls 
Unit cost of transporting biomass l from feedstock site 
i to refinery location j via transportation mode s 
ct2ikls 
Unit cost of transporting biomass l from feedstock site 
i to storage location k via transportation mode s 
ct3kjls 
Unit cost of transporting biomass l from storage loca-
tion k to refinery location j via transportation mode s 
crjlfnt 
Unit cost of converting biomass l to product f at scale n 
and refinery location j using technology t 
csklm 
Unit cost of storing biomass l in the storage of size m 
at storage location k 
pf Price of final product f 
pc Price of GHG (CO2-equivalent) offset 
 Maximum available amount of biomass l grown at site i 
θ Proportion of biomass lost during storage 
ηlft Conversion rate from biomass l to product f using tech-nology t 
δlft Life-cycle GHG (CO2-equivalent) balance of product f converted from biomass l using technology t 
Decision variables 
Qf Quantity of final product f produced 
Ujlft 
Amount of biomass l allocated to the production of 
product f at refinery location j using conversion tech-
nology t 
Xil Amount of biomass l produced/supplied at site i 
Y1ijls 
Amount of biomass l transported from feedstock site i 
to refinery location j via transportation mode s 
Y2ikls 
Amount of biomass l transported from feedstock site i 
to storage location k via transportation mode s 
Y3kjls 
Amount of biomass l transported from storage site k to 
refinery location j via transportation mode s 
ZRjlfnt 
Number of refineries of size n that convert biomass l to 
biofuel f at refinery location j (integer) using conver-
sion technology t 
ZSklm 
Number of storages of size m for biomass l at storage 
location k (integer) 
Other symbol 
π Annual profit 
(1) 
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Constraints 
The model is subject to several constraints, including the 
maximum amount of biomass that can be harvested from 
each basic spatial unit, biomass transportation constraints 
and storage and refinery capacity constraints. The biomass 
harvest constraint is 
 
(2) 
 
Inequality (2) imposes a limit on the total harvest of a 
given biomass type at a specific biomass growing/supply 
site (basic spatial unit) so that actual harvest will not exceed 
the maximum allowable level. 
Biomass can be transported either from a harvest site 
to a refinery directly, or from a harvest site to a storage loca-
tion and then to a refinery. There are two subsets of biomass 
transportation constraints. The first one is to ensure that the 
amount of each biomass type shipped to all the refineries 
and storage facilities from a biomass supply site does not 
exceed the amount of biomass harvested from the site, i.e. 
 
 
(3) 
 
 
The other transportation constraint deals with inflows 
and outflows of biomass to/from a storage facility. The total 
amount of biomass shipped to a storage facility from all 
biomass growing sites, adjusted for handling loss, should be 
equal to the amount of biomass shipped out to all refineries, 
i.e. 
 
 
(4) 
 
 
where θ is the proportion of biomass lost during storage. 
Equation (4) implies that biomass storage is temporary, i.e., 
biomass stored in a facility will eventually have to be deliv-
ered to a refinery. 
The capacity constraints for storage and refineries take 
the following forms: 
 
 
(5) 
 
 
(6) 
 
 
Constraint (5) states that the total amount of biomass 
shipped to a storage facility (k) should be within the limit of 
the total storage capacity available at that location. And ine-
quality (6) implies that the amount of biomass shipped to a 
refinery location should not be over the limit of the total 
refinery capacity available at that location. 
Additionally, the feedstock allocation/utilization con-
straint can be expressed as 
 
(7) 
 
Equation (7) is to ensure that the total amount of a type 
of biomass (l) used to produce all types of final products at a 
given refinery location (j) is equal to the amount of biomass 
shipped to that location from all feedstock supply sites and 
storage facilities. This constraint serves as an accounting 
equation, providing direct answers to the biomass use alloca-
tion question. It also enables us to model the choice of conver-
sion technologies. 
Finally, the quantity of final products produced can be 
written as 
 
 
(8) 
 
 
All variables are non-negative, and ZSkm and ZRjfnt are 
integers. (1)-(8) plus the non-negativity and integer con-
straints of variables constitute an MIP problem. 
 
Study Area, Simulation Scenarios and Data Sources 
The model was applied to East Texas to test its applicability to 
regional biomass use allocation. The study area, located north 
to the Gulf of Mexico, consists of 48,000 km2 of timberland 
(Smith et al. 2004) and is an important part of the U.S. south-
ern forest region. Forestry and the forest products industry 
have traditionally played a significant role in its rural econo-
my, with an average annual timber harvest of 19 million m3 
(Gan and Smith 2007). Faced with the challenge of recent 
weak pulpwood and timber markets, the region is actively 
seeking alternative uses of its productive forests and abundant 
forest biomass, including development of forest bioenergy. A 
power plant fueled by forest biomass has just been commis-
sioned in East Texas. Additionally, the energy sector is anoth-
er key economic player in the area, where several nationally 
significant petroleum refineries are located. Hence, East Texas 
is an excellent region in which to base this study. 
The model was run for a base scenario that represents 
the most likely market and technology conditions for biofuels 
in the near future. In addition, several variations associated 
with the base scenario were also simulated, including changes 
in the scale factor and CO2 price. 
The values of key parameters for the base scenario are 
shown in Table 3. The values of key techno-economic param-
eters were taken from Antares (2008). The GHG emissions 
and net balances of forest bioenergy were derived from Gan 
and Smith (2010a, 2010b), reflecting the life-cycle conse-
quences of forest bioenergy. Additionally, the maximum 
amount of available forest biomass feedstock, including log-
ging residues, thinning residues and mill residues, were drawn 
from Gan and Smith (2006), VanderSchaaf (2009), and Gan et 
al. (2013). The base CO2 price reflects the average daily clos-
ing price traded at the Chicago Climate Exchange from its 
inception to November 2008 (Gan and McCarl 2010). 
This model was written in GAMS and solved using the 
MINLP solver (GAMS Development Corporation 2012). 
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Results and Discussion 
Woody biomass should be allocated between the production 
of bioethanol (or bioelectricity) and wood pulp based on 
MPw=MPe when profit maximization is the sole objective 
(Figure 2). When prices of bioenergy and wood pulp are 
above the MPw=MPe line, all biomass should be used for 
wood pulp production to maximize the profit. On the other 
hand, when prices of bioenergy and pulp fall below the 
MPw=MPe line, bioenergy is more profitable than pulp. Final-
ly, when the prices of bioenergy and pulp are on the 
MPw=MPe line, biomass can be used for either bioenergy or 
pulp production or both. 
 
 
 
 
 
At current (2010) technologies and market prices of bio-
energy and wood pulp, woody biomass that has traditionally 
been used for pulp production would continue to be used for 
that purpose. Bioenergy is not yet competitive with wood pulp 
in terms of profitability, because the current price points are 
above the MPw=MPe line (Figure 2). Accounting for co-
benefits of bioenergy, such as GHG offsets and reduced reli-
ance on imported oil, could change this result. Although these 
co-benefits are not directly included in Figure 2, they can be 
added to the bioenergy price in the horizontal axis. If the bio-
energy price is considered as a composite price that includes 
bioenergy price and co-benefits, then Figure 2 can also be 
used to determine biomass allocation in a context of multiple 
benefits. For instance, if the electricity price is US$100 MWh-1 
and 1 MWh bioelectricity displaces 1 metric ton (t) of CO2 
Table 3. Values of key parameters for the base simulation 
scenario.  
Parameter 
   
Value 
Bioethanol price US$0.53 L-1 
Electricity price US$100 MWh-1 
CO2 price (credit) US$2.50 t-1 
Unit cost of logging residues at the cen-
tralized location in a basic spatial unit US$ 30 bdt
-1 
Unit cost of fuel treatment thinning 
residues at the centralized location in a 
basic spatial unit 
US$ 50 bdt-1 
Unit cost of mill residues at the central-
ized location in a basic spatial unit US$ 10 bdt
-1 
Biomass storing cost at the base scale US$10 t-1 
Bioethanol conversion cost at the base 
scale US$0.35 L
-1 
Bioelectricity generation cost at the 
base scale US$30 MWh
-1 
Energy content of biomass 19 GJ bdt-1 
Ethanol yield 334 L bdt-1 
Efficiency of converting feedstock to 
electricity 0.30 
Cost of transporting biomass from  
harvest sites to storage facilities or  
conversion plants 
US$0.14 t-1 km-1 
Cost of transporting biomass from  
storage facilities to conversion plants US$0.10 t
-1 km-1 
Biomass loss during storage 6% 
Base scale of conversion plants 
50 MW 
(electricity) 
8.5x107 L yr-1
(ethanol) 
Scale factor of storages and conversion 
plants 0.80 
Note: L=liter, MW=megawatt, MWh=megawatt per hour, 
t=tonne=1000 kilograms, bdt=bone dry tonne, GJ=gigajoule, 
km=kilometer, and yr=year. 
Figure 2. Allocation of woody biomass to ethanol, electricity 
and pulp production when profit maximization is the sole 
objective, using marginal profit (MP) analysis.  
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that is valued at US$25 t-1, then the composite price of the 
bioelectricity is US$125 MWh-1 (the sum of the electricity 
price (US $100 MWh-1) and the CO2 credit (US $25 MWh-1)). 
 
Solutions of the MIP Model for East Texas  
Before presenting our model simulation results, we would 
like to clarify three simplifications that were made in the 
theoretical model that was applied to this case study. First, 
no wood pulp production is included in the MIP model sim-
ulation. This simplifies the analysis and also is justifiable. A 
recent national assessment reveals that it does not make eco-
nomic sense to use pulpwood for biofuel production under 
current technology and market conditions and even in the 
near future (U.S. Department of Energy 2011). On the other 
hand, the forest biomass resources modeled are primarily 
residues that traditionally are not used for pulping. Addi-
tionally, East Texas, as well as the entire U.S. South, has 
experienced the reductions of pulping capacity in recent 
years due to the weak domestic market for paper products. 
Hence, it is unlikely the paper industry will use these resi-
dues for pulping. 
Another simplification is related to co-products. The 
type and amount of co-products from biofuel products varies 
with feedstock type and conversion technology employed. 
And tradeoffs exist between yields of ethanol and co-
products. To our knowledge, to date there is no valid tech-
nical and economic data on co-products from commercially 
operated biorefineries. This creates a challenge for incorpo-
rating co-products into analysis. Frederick Jr. et al. (2008) 
reported that for loblolly pine (Pinus taeda L.) at a 75% 
ethanol conversion efficiency (equivalent to the ethanol 
yield used in this study), the value of co-products is about 
US$0.02 L-1. We used this data for our case study.  
The last simplification is related to the potential sites 
of storages and conversion plants. We assumed that a stor-
age site and/or a conversion plant can be located in any of 
these counties in the study region. This assumption is rea-
sonable for East Texas, given its existing transport network, 
terrain conditions and access to raw materials, labor supply, 
water resources and final-product markets. 
 
Solution under the base scenario 
Under the base scenario, most of the logging and thinning 
residues in East Texas would be used for ethanol production 
(Table 4). Only one power plant of 100 MW fired by forest 
biomass would be built in the region, and four ethanol mills 
ranging from 3.79×108 L yr-1 (100 million gallons per year 
(MGY)) to 1.136×109 L yr-1 (300 MGY) would be estab-
lished. All forest feedstocks would be transported directly 
from harvest sites to conversion plants without being stored 
at a separate location. There would be no need for a storage 
facility because the region is relatively small, and biomass 
loading, unloading and storage add significant costs to feed-
stock. Biomass storage can help reduce the impact of irregu-
larities in feedstock production and supply. Such an impact 
of storage, however, is not modeled in this paper. 
Under the base scenario, conversion plants would be 
scattered across the region. The power plant would be located 
in the northeast area (Bowie County) of the region, and the 
four ethanol mills would be scattered from north to south. 
Almost all forest biomass (including logging, thinning 
and milling residues) physically available would be harvested 
and used for bioenergy production. The only exception is bio-
mass from fuel treatment thinning, for which the amount to be 
procured for bioenergy production would be slightly less (1%) 
than the maximum amount physically available from thinning 
operations. All mill residues would be used, but 92% of them 
would be diverted to ethanol production instead of power and 
heat generation. 
 
Impacts of scale factor on siting and size of conversion 
plants 
The model solution appears very sensitive to changes in the 
scale factor (Table 4). As the scale factor increases from 0.8 to 
0.9, while keeping everything else unchanged, more and 
Table 4. Conversion plant locations and sizes at different 
scale factor values  
Scale 
Factor Type Size 
Num
ber Location(s) 
0.8 Power plant 100 MW 1 Bowie 
  Ethanol mill 3.79×10
8 L yr-1 1 Cherokee 
   4.54×108 L yr-1 1 Marion 
   9.46×108 L yr-1 1 San Jacinto 
   1.136×109 L yr-1 1 San Augustine 
0.9 Power plant 25 MW 2 
Leon and Red 
River 
   50 MW 3 Houston, Har-din and Liberty 
   75 MW 1 Cherokee 
  Ethanol mill 1.89×10
8 L yr-1 2 Sabine and Cass 
   3.79×108 L yr-1 2 Montgomery and Jasper 
   4.73×108 L yr-1 1 Polk 
   5.68×108 L yr-1 1 Nacogdoches 
   6.62×108 L yr-1 1 Upshur 
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smaller conversion plants would be built across the region. 
There would be six power plants ranging from 25 MW to 75 
MW and seven ethanol mills ranging from 1.89×108 L yr-1 
(50 MGY) to 6.62×108 L yr-1 (175 MGY). Besides the size 
and number of conversion plants, their locations would be 
quite different from those under the base scenario. The high 
sensitivity of conversion plant size and site to changes in the 
scale factor is due to the scale factor having a big impact on 
feedstock transportation radii and costs (Gan and Smith 
2011). 
Similar to the base scenario, all available biomass—
but 1% of thinning residues—would be used for bioenergy 
production. Eighty-four percent of the total harvested bio-
mass would be used for ethanol production, and 91% of mill 
residues would be redirected to ethanol production.  
 
Impacts of CO2 Price and Co-Products on Biomass Utili-
zation 
Biomass utilization varies considerably with CO2 price. As 
CO2 price goes up, more biomass would be utilized for elec-
tricity production (Figure 3). This is because switching bio-
mass from ethanol production to electricity generation 
would lead to a net gain in GHG offset. Under the base sce-
nario and without consideration of co-products, when the 
benefit of GHG offset is not valued, all biomass would be 
used for ethanol production. At a CO2 price of US$2.50 t-1, 
only about 6% of the total forest biomass would be convert-
ed to electricity. However, as the CO2 price reaches US$10 t
-1 or above, all the biomass would be used for electricity 
generation (Figure 3(a)). 
When co-products from ethanol production are consid-
ered (Figure 3(b)), almost all biomass in the region would 
be used for ethanol production when the CO2 price is below 
US$12.50 t-1. At the CO2 price of US$15 t-1, about one-third 
of the biomass would be used for ethanol production. As the 
CO2 price rises to US$17.50 t-1, no biomass would be used 
for ethanol production. Obviously, inclusion of co-products 
would lead to more biomass allocated for ethanol production 
ceteris paribus. 
 
Conclusion 
Many biomass feedstocks, including forest biomass, have 
competing uses; hence, their allocation among different uses 
must be strategically determined. By examining the profitabil-
ity of wood pulp and bioenergy production, we illustrate an 
economic principle for allocating biomass among a variety of 
utilization alternatives. We further develop an MIP model for 
allocating various forest biomass feedstocks among the pro-
duction of different final products. Our model can simultane-
ously determine the allocation of biomass to competing utili-
zation options, as well as the optimum location and size of 
conversion plants and the selection of conversion technologies 
and transportation modes. It accounts for the costs of biomass 
harvesting, transport, processing and conversion and the bene-
fits of CO2 offsets, in addition to energy value. Additionally, 
this model incorporates the economies of scale into produc-
tion cost estimates, a novelty of this paper. 
The model was applied to determining allocation of for-
est biomass to alternative utilization options in East Texas. 
Marginal profit analysis suggests that wood pulp is a more 
profitable use of traditional pulpwood than bioenergy at cur-
rent market and technology conditions in the U.S. South. 
However, without considering the use of forest residues for 
pulping, our simulation results lead to the following conclu-
sions: 
 Mill residues currently used for power generation should 
probably be redirected to ethanol production to increase 
profits; 
 
 Allocation of forest biomass to electricity production will 
increase with CO2 price and decrease with added value of 
co-products derived from ethanol production; and 
 
 The location and size of conversion plants are highly sen-
sitive to changes in the scale factor. 
 
This study can be expanded in several dimensions. First, 
although bioelectricity has an advantage in GHG offset over 
bioethanol, the latter can help reduce reliance on imported oil, 
thus enhancing national energy security. Future work can in-
corporate this benefit into biomass allocation analysis. Se-
cond, this model can be expanded by adding a time dimen-
sion. For example, biomass supply constraints in different 
time periods could be included to ensure the stable supply of 
feedstock across various time periods. Third, although our 
theoretical model is capable of dealing with joint production 
of multiple products, as in the case of integrated biorefineries, 
it was not fully incorporated in the empirical simulations be-
cause of the lack of data from commercially viable operations. 
This modeling approach could be improved as more data from 
commercial operations of biorefineries become available. Fi-
nally, the application of the model was illustrated using a for-
est biomass case, but our model could be applied to other bio-
mass sources including agricultural and urban biomass feed-
stocks. With multiple types of feedstocks, the model may need 
some modifications—for example, by including facility and 
process requirements for handling multiple or mixed feed-
stocks. 
Figure 3. Biomass allocation at different CO2 prices with-
out inclusion of co-products (A) and with inclusion of co-
products (B).  
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